The study presents a method to determine the σ a − N curve (high cycle fatigue) for profiles made of AW-6063 T6 aluminium alloy. Experimental material data for a mini specimen taken directly from the tested item and selected empirical correlations allowing for a size effect have been used. A model yielding the lowest relative error of estimating the fatigue life is presented.
Introduction
Modular frame systems made of aluminium profiles are an important innovation of the last fifteen years in the science of structures. They are applied in many industries, including mechanical engineering. Selecting a suitable profile size due to its strength and durability requires knowledge on fatigue, material and profile properties.
The σ a − N curve can be determined for a limited fatigue life using an analytical method based on commonly accepted quantities defining the curve (slope coefficient of the σ a − N curve in the range of high cycles (m) log σ a = 1 m log N = b (1.1) and knee point for a specific group of materials (σ AK , τ AK ) - Fig. 1 ) or using experimental tests (Kocańda et al., 1997) . Comparison of fatigue characteristics of some selected materials are presented in the paper by Kurek et al. (2014) . Examplary records of the analytical approach to estimate the fatigue life are available in one of the FITNET procedures (path 2b). The approach includes analytical determination of the σ a − N curve at constant amplitude loads. The knee point is taken for N o = 10 6 cycles and stress determined from the equation (FITNET, 2006) : -for normal stress
-for shear stress
where f W,σ , f W,τ are coefficients determined by the material and stress type, R m is tensile strength. Stress values σ AK , τ AK (see Fig. 1 ) are calculated based on the product of stresses σ W , τ W and the correction factor allowing for the effect of selected factors on fatigue life (size, notch, roughness and average stress). The fatigue σ a − N curve is estimated from the fatigue life range allowing for the slope coefficient m in accordance with Fig. 1 .
For the analytical method, the results of the fatigue life estimation may be burdened by a high error resulting from natural high scatter of input values available in the literature. Figure 2 shows a histogram of the coefficient m distribution compared to the gamma distribution for smooth steel specimens. Distribution width correlates to quality of the analytical test of the approximation, rendering the method inaccurate. The experimental approach is characterized by a significantly greater accuracy and is discussed in this work for aluminium profiles.
Aluminium profiles are manufactured in the extrusion process. Material properties change as a result of extrusion. The implementation of experimental methods for aluminium profiles often does not allow one to take full dimensional standard specimens. In the case of profiles, identification of prefabricated element properties requires non-standard specimens with reduced dimensions (referred to as mini specimens) due to limited dimensions of the tested item. Figure 3 shows examplary applications of profiles and specimens taken directly from the profile. The purpose of the study is to discuss the method to determine strength and fatigue properties of profiles to further determine fatigue life and fatigue limit. General strength and fatigue tests discussed in this study were performed on a standard servo-hydraulic testing machine (Instron 8874) - Fig. 4a . The machine features a dynamometer operating at ±25 kN force and 100 N·m torque. Monotonic tests were carried out using Instron 2620 Series dynamic strain gauge extensometer (12.5 mm gauge length with a travel of ±5 mm).
As a part of verification of the test method for mini specimens, the tests were performed on a testing machine of the author's own design - 
Applied loads
The fatigue properties were determined at a high-cycle fatigue regime. The tests were performed at controlled stress. The σ a − N curve was plotted based on 6 load levels for a total of 15 specimens. Test conditions conformed to standard requirements (PN-74/H-04327). A macro crack was used as a fatigue test end criterion. The tests were carried out at 5 Hz load change frequency, resulting from the technical capabilities of the servo-hydraulic testing machine used. The upper load level was limited by the experimental yield point (R 0.2 = 226 MPa).
The tested specimen featured low resistance to buckling, thus the load cycle was changed at a constant tensile component (stress ratio > 0).
Fatigue test specimen
Flat specimens with variable width of the measured section were used throughout the tests (Fig. 5 ). The specimen size was determined by its ability to be taken from the specific profile (Fig. 6 ). The value t was determined by the profile wall thickness. Mini specimens were prepared by machining (milling). No additional working was used, e.g. grinding, polishing. 
Example tests

Material and material identification
Experimental tests were performed on AW-6063 T6 aluminium alloy specimens. The tested material was taken directly from the profiles manufactured in the extrusion process. The fatigue properties were affected by a surface finish of the prefabricated element, thus the material was taken from anodized profile (most common profile surface treatment). Figure 6 shows the profile geometry. Table 1 for results. The results show a low standard deviation. Table 2 shows selected material properties in accordance with the manufacturer's specification. Figure 7 shows static characteristics (ε − σ curve). 
Test results
Experimental tests aimed to determine the coefficient m. Fatigue life was determined at selected stress amplitude levels based on the tests of the mechanical property. Table 3 shows the test results.
The data are approximated to a linear equation corresponding to 50% likelihood of specimen failure. Figure 8 shows the diagram in a bi-logarithmic system. Experimental points and solid line corresponding to linear regression are shown compared to the confidence interval (grey area). The regression line shows a high coefficient of determination R 2 . The coefficient m for the analysed aluminium alloy taken from the profile is 7.35.
The effect of the cross-section must be taken into account to consider the curve as universal and reliable for the group of profiles. It is thus necessary to determine the correlation between the positions of each curve plotted for the specimens with different cross-sections. The studies presented in show that within the high-cycle fatigue range, the σ a −N curves plotted for the mini specimen (S o = 3.5 mm 2 ) and the standard specimen (S o = 28 mm 2 ) made of AW-6063 T6 aluminium alloy (from flat sections) are parallel (Table 4 ). This is indicated by a similar slope coefficient of the regression line (m ≈ const ) and statistical parallelism tests. The flat bars were shaped in the same conditions as the profiles. The size effect for aluminium alloy is not affected by the stress amplitude (load). With a known coefficient m and the size effect for the specific group of structural materials, the fatigue properties can be determined for the entire family of the profiles.
Size effect
The size effect defines the relationship between the fatigue properties of the material or structural element and its size. The material strength decreases with an increase in size of the tested item subject to monotonic or fatigue loads (Carpinteri et al., 2009 ). The reduction in strength is affected by factors related to a random distribution of defects in the material, shape and type of load and the effect of technological processes during production. The size effect is commonly defined as a ratio of strength properties of a specimen with specific cross section and the standard specimen
where σ (−1) /σ/R m is the fatigue limit/fatigue strength/tensile strength of the specimen with any cross-section, σ (−1)n /σ n /R mn is the fatigue limit/fatigue strength/tensile strength of the normative specimen (cross-section 20-80 mm 2 ) while maintaining the same material. Figure 9 shows schematic relation between the cross-sectional area and the coefficient K. Fig. 9 Notwithstanding the origin of the size effect, the fatigue life is estimated from empirical correlations between the coefficient K value and a specific specimen dimension (e.g. diameter d). Table 6 shows selected size effect correlations allowing for the range of application and the author of the given proposal. Due to the analysis of tests for specimens with rectangular cross-section, the correlations are examined for the cross-sectional area S o . 
Verification example
The purpose of the analysis is to estimate the σ a − N curve in a high-cycle fatigue regime for a selected profile based on experimental data obtained for a mini specimen. The correction coefficient of cross-section K is used to shift the curve in parallel to the side of the lower fatigue life. The shift direction corresponds to a general trend known for metals, where fatigue properties decrease with an increase in the cross-sectional area. Initial empirical size effect correlations are implemented for the fatigue limit. Since in the range of elastic deformation of the material the initiation and propagation of the fatigue crack are similar, the values presented in Table 5 can be used in the high-cycle fatigue regime.
Based on many experimental studies as well as on the author's own study (Tomaszewski and Sempruch, 2015) , a change in fatigue properties manifest itself as an increase in specimens smaller than the standard specimens. The coefficient K is higher than 1 in this range of specimen sizes (Table 5 ). Implemented empirical correlations will be analysed irrespective of the scope shown in Table 6 . Table 6 Figure 10 shows a graphical approach regarding the analytical correlations to determine K coefficient: The curves are intersected by vertical lines corresponding to selected cross-sectional areas: 3.5 mm 2 , 5.5 mm 2 (mini specimen), 28 mm 2 (standard specimen), 560 mm 2 (profile).
The analysed correlations do not allow for the material constants that are difficult to determine, and thus are easy to apply within the scope of basic engineering calculations. Allowing for the scatter of experimental results, the material data can be found in the model based on the weakest link theory (Weibull, 1949) , fractal approach (Carpinteri et al., 2009) or energy law (Bazant, 1984) . Verification of correct implementation is described in (Tomaszewski et al.,  2014) .
Quantitative assessment of the degree of conformity of empirical and analytical data (based on the correlations in Table 5 ) is performed for the following cross-sectional areas: 3.5 and 28 mm 2 . It results from the availability of experimental data and material properties similar to the target aluminium alloy the profile is made of. Table 7 shows the coefficient K HC determined based on analytical correlations and experimental data. The relative error estimated from the following equation is used in the quantitative analysis
where σ ex is the experimental fatigue limit for a specific fatigue life, σ cal is the analytical fatigue limit for a specific fatigue life. Table 9 shows the coefficient K HC calculated for the cross-sectional area of the mini specimen (S o = 5.5 mm 2 ) and analysed profile (S o = 560 mm 2 ). The σ a − N curve for the mini specimen has been shifted in parallel by the value of the calculated coefficient K HC . Table 10 shows coefficients of linear regression for the straight lines.
The Moore equation overestimates the values, whereas Shigley and Mitschke equations underestimate the values, thus it seems that the most correct values for the cross-sectional area of 560 mm 2 are between those curves (Fig. 11) . (Table 11 ).
Summary
The article presents test methods to obtain material data for an aluminium profile and estimate the σ a − N curve for the actual cross-sectional area of the tested item (higher than the tested specimen). Thus, selected empirical correlations of the size effect are used in the study.
Due to the inability to obtain experimental data for the profile, the discussed correlations have been verified directly using the experimental test results for the mini specimen (S o = 3.5 mm 2 ) and the standard specimen (S o = 28 mm 2 ). The specimens in theory are made of the same material as the profile -AW-6063 T6 aluminium alloy. The calculated analytical σ a − N curves using Moore, Shigley and Mitschke equation for 28 mm 2 cross-section yield the lowest relative error at −3.7-2.0%. Theoretical fatigue life determined using analytical method for the profile is three times (as per Moore equation) or four times (as per Shigley and Mitschke equation) lower than for the specimen taken directly from the profile. This approach is advantageous in terms of engineering calculations, since the fatigue values obtained will be on the safe side in relation to the actual values.
